ABSTRACT Machine-to-machine communication has emerged as a new communication paradigm to support a variety of applications of Internet of Things (IoT). Meanwhile, energy harvesting (EH) is an increasingly attractive source of power for green networks. In this paper, we study an online strategy of adaptive traffic offloading and bandwidth allocation for EH IoT networks, where machines are powered by grid and green energy jointly. First, we study the energy-aware and adaptive traffic offloading strategy to adaptively balance the non-uniform renewable energy arriving, with the purpose of minimizing the average on-grid energy consumption. Furthermore, the bandwidth allocation strategy to maximize the average sumrate is proposed. Finally, we validate this paper by simulations and show that the proposed strategy can achieve 55% reduction of the average on-grid energy consumption and over 100% increase of the average sum-rate.
• No mobility, and a large amount of uplink traffic, such as urban surveillance cameras.
• Mobility and frequent switching, a small amount of traffic, such as fleet tracking management.
• No mobility, a small amount of traffic and delay insensitive, such as smart meter reading. For tremendous amount of machine devices in IoT system, a large amount of energy supply is needed and battery operating hardware creates a great challenge for device management and environmental protection. Especially for the first type of devices, that undertaking busy traffic, the power supply has become the main problem of the network operation. Multiple studies are providing strong proof that the use of harvested renewable energy reduces the carbon footprint and on-grid power consumption of the system [8] , [9] . As a matter of fact, devices can realistically harvest energy from natural environment through sunlight, wind, vibration, etc. [1] . To enjoy the environmental friendliness and low-cost of the renewable energy, EH is an ideal solution. However, owing to the space-time instability and non-uniformity of renewable energy, it may not guarantee sufficient power supplies for devices in M2M communications. Thus, to overcome the unreliability of the renewable energy source, machines powered by multiple types of energy supply (e.g., the on-grid energy, the solar energy, and the wind energy), will be an ideal solution where EH and the grid coexist [10] , [11] . In such wireless communication networks, the system is powered by renewable energy if the green energy collectors can gather enough power; otherwise, the facilities switch to on-grid energy.
With the development of EH circuit, EH in IoT system has drawn significant attention. Dong et al. [12] and Li and Liu [13] study cluster-based routing protocol for EH wireless sensor networks. Dong et al. [12] propose a distance-and-energy-aware routing with energy reservation protocol. The protocol encourages nodes with high energyarrival rate or being close to the sink node to serve as cluster head nodes, and allows non-cluster head nodes to reserve a portion of the harvested energy for future use. By incorporating geographic information and real-time energy status of the network, further improvement of performance can be achieved in [13] . The opportunistic relay selection problem in largescale EH IoT networks is considered in [14] , by using the method both the outage probability and the feedback cost are minimized. The study extended to online sensing scheduling for EH sensors, by strategically selecting the sensing time to optimize the long-term time-average sensing performance [15] . To reduce the access delay and improve the throughput of the system, [16] shows us an efficient massive access strategy by incorporating Raptor codes and a modulation scheme in highly dense cellular networks with M2M communications. For M2M communication with renewable energy sources, a stochastic gamebased framework was proposed in [17] to achieve maximum long-term performance. Resource allocation algorithms for IoT networks have also been studied in [18] and [19] .
However, as the harvested green energy is snatchy and sporadic, the design of the network setting is challenging. Energy management decision in EH networks should be based on both the channel side and the energy side adaptively. Thus more decisions must be made, and more information will be needed.
In the prior works, the network's power supply is usually single, and communication terminals (machines) with hybrid energy supply in IoT networks has seldom been considered. Second, the energy transfer between machines [17] is less efficient than traffic offloading, just because massive pass loss in energy transfer and high threshold of energy receiving. Third, the EH process is stochastic in nature, the traffic offloading policy should be able to cope with the fluctuations in power supply and maintain a reliable system performance for almost all possible EH profiles. Motivated by the reasons above, we study the online strategy of adaptive traffic offloading and bandwidth allocation for EH M2M communications, which are powered by on-grid and green energy jointly. With the energy-aware and adaptive traffic offloading the nonuniform renewable energy arriving can be balanced, and the on-grid energy consumption will be minimized. Furthermore, the bandwidth allocation maximize the average sum-rate of the system.
B. MAIN CONTRIBUTIONS
The main contributions of this paper can be summarized as follows:
• A low-complexity energy-aware and adaptive traffic offloading strategy (EATO) is proposed to minimize the average on-grid energy consumption. With the strategy, the average on-grid energy consumption can be improved obviously. Moreover, it does not require statistical channel state information and EH processes, which makes the strategy applicable in unpredictable environment.
• We further propose a bandwidth allocation scheme, that can combine with EATO named the online adaptive traffic offloading and bandwidth allocation (ATOBA) strategy. With the scheme, the performance of the system can be optimized.
• Finally, by exploiting the practical wind and solar energy profiles via using the real aggregated solar and wind generations, we show that, with renewable energy distributed unevenly, the ATOBA strategy not only reduces the on-grid energy consumption, but also achieves the average sum-rate improvement.
C. PAPER OUTLINE
This paper is organized as follows. Section II defines the system model. Section III formulates the average on-grid energy consumption minimization problem. Section IV proposes the energy-aware and adaptive traffic offloading strategy (EATO) for the average on-grid energy consumption minimization problem. Section V proposes the online strategy of adaptive traffic offloading and bandwidth allocation (ATOBA) to maximize the average sum-rate and minimize the average on-grid energy consumption jointly. Simulation results are provided in section VI. Section VII concludes the paper.
II. SYSTEM MODEL
This section describes the definitions and assumptions of the network, and explains the energy and traffic model. The system model is illustrated in Fig. 1 , and the notation is summarized in Tab. 1. In our model, one information access point (AP) and multiple machines are independent with each other. The AP located at the origin of the circle area with radius R, and machines follow the Spatial Poisson Point Process (SPPP) distribution with density λ m . In the green M2M communication with hybrid energy supply, all machines are deployed with both solar panels and wind turbines but not batteries. machines have different energy generation capacities. Machines collect information and transmit data to the AP in the uplink. The AP is powered by grid and just receiving information from machines. Similar to the LTE system, we consider the uplink of an orthogonal frequency division multiple access (OFDMA) system. Time is slotted, T = {1, 2, . . . n T } is the set of time slot indices. In addition, machines are assumed to have no mobility such that their locations are the same in different slot. We focus on minimizing the on-grid energy consumption by designing the renewable energy aware and traffic offloading scheme.
Furthermore, we assume para-static time-slotted model for both renewable energy and data links. The EH rate and the channel coefficient remain constant in each slot and may change from one slot to another. It is assumed that machine always has data to transmit. Without loss of generality, we choose one communication block as the reference time slot. In the following, we will present the energy model and the uplink M2M communication model.
A. THE ENERGY MODEL
We denote the set of machines as M = {1, 2, . . . n M }. Machines are powered by renewable energy and grid simultaneously. However, owing to the space-time instability, the harvested renewable energy is non-uniform. We consider practical wind and solar energy profiles by using the real aggregated solar and wind generations as [20] . While the renewable energy arrival, it can be used by machine immediately, rather than saving in the battery and depleting in the next time slot. We assume the EH rate remain constant in one slot and may change from one slot to another. Machine uses renewable energy that locally harvested preferentially, otherwise, it consumes the on-grid energy. The static energy consumption of machine is denoted by P 0 watt, which including the power consumption of machine collecting and receiving information, proceeding the collected data, etc.. We assume the types of machines in our M2M communication are identical, so their static energy consumptions are the same with each other.
Let
be the transmission power and the power of the harvested renewable energy of machines at the t-th time slot respectively (both in watt). We assume that E t 1 , E t 2 , . . . , E t n M are independent and uniformly distributed in [0, Q], each with an equal mean of Q/n M , where Q is a given constant. Note that the independent energy distribution may correspond to the case in which the machines are in different position. Then, the transmission power and the power of the harvested renewable energy of M i at the t-th time slot are denoted by P t i (watt) and E t i (watt) respectively (i ∈ M, t ∈ T ). P t i and E t i are assumed to be consistent in the slot. When E t i ≥ P t i + P 0 , the renewable energy is enough. That is to say M i do not need the on-grid energy, G t i = 0. While E t i < P t i + P 0 , the green energy is insufficient, the on-grid energy that M i needed is
So, the on-grid energy consumption of M i at the t-th time slot can be given by
The on-grid energy consumption of the whole network can be written as
B. THE TRAFFIC MODEL
In every time slot, machines collect information and transmit data to the AP in the uplink. The carriers are orthogonal to each other, such that no interference among data links. We assume that machine is busy and always have data to upload. The data channels are characterized by both path loss and small range fading. Let M i sends data to the AP with the transmission power P t i (watt) at the t-th slot, the received signal by the AP is q t iA = ηP
Where d iA is the Euclidian distance in meter between M i and the AP, η is the channel gain, and α > 2 is the pathloss exponent. For analysis, only Additive White Gaussian Noise (AWGN) is assumed, and η is assumed to be constant. For simplification, let η = 1, and it can be removed in the following derivation. Then, the signal to noise ratio (SNR) of the data link from M i to the AP at the t-th slot is In which σ 2 is the background AWGN variance. Let the threshold of the SNR denoted by ϑ (a positive constant), SNR of every data link should satisfy the following constraint
that it can communicate with the AP successfully, otherwise the link is interrupted. According to Eq. (3), Eq. (4), and Eq. (5) the minimal transmission power from M i to the AP for successful communication can be obtained:
That means, only when
that M i can communicate with the AP successfully. Let the total bandwidth of the AP is B Hz. we consider the uplink of an OFDMA system, where the radio resources are divided into units of resource blocks. Before the bandwidth allocation, the radio resources are divided into equal units, that machines who communicate with AP directly can get the resource block in equal size B/n M . According to the Shannon Expression, in the t-th time slot the rate of the data link from M i to the AP is:
The average sum-rate of the network is:
III. PROBLEM FORMULATION
In this section, we introduce the average on-grid energy consumption minimization problem. From part II,
are the transmission power, the power of the harvested renewable energy and the on-grid energy consumption of machines at the t-th time slot respectively. The set of machines and time slots are M = {1, 2, . . . n M } and T = {1, 2, . . . n T } separately. With Eq. (2) the machine's average on-grid energy consumption is
We will use the on-grid energy consumption as the performance metric, which is the machine's average on-grid energy consumption (OEC) and it can be defined as
Consequently, the average on-grid energy consumption minimization problem can be formulated as
In P1, the relationship between G t i and E t i is presented in (1) , and the minimal transmission power constraint from M i to the AP is imposed in Eq. (7). The harvested renewable power non-negativity constraint is also included in Eq. (1). The total energy consumption constraint of M i in slot t is listed in Eq. (12). VOLUME 5, 2017 Since T is given, as well as the number of time slot n T . The sum on-grid energy consumption of n T slots is minimized when the on-grid energy consumption of each slot is minimal. Thus, P1 can be decomposed to minimize the on-grid energy consumption of each time slot, so we equivalently introduce a modified version of P1 as follows:
(1) , (7) ∀i ∈ M, ∀t ∈ T
and the version of P2 is expressed as:
Hence, let t = 1, 2, . . . , n T P1 is the sum of P2, any feasible solution for P2 is also feasible for P1.
IV. THE ENERGY-WARE AND ADAPTIVE TRAFFIC OFFLOADING STRATEGY
We solve P2 for the minimal average on-grid energy consumption solution for the M2M communication. We propose the energy-aware and adaptive traffic offloading (EATO) strategy that less energy is drawn from the grid. At the beginning of each time slot, machine first checkout whether its harvested renewable energy can meet the requirements of communicating with the AP directly. If the green energy is insufficient to maintain its direct communication, machine will offload its traffic to another machine who with redundant renewable energy to forward the traffic to the AP, just as Fig. 1 illustrated. At the beginning of slot t, any machine denoted by M i , first tests if its renewable energy can meet the requirements of communicating with the AP directly. Its essence is to calculate the green energy coefficient , we define the green energy coefficient of M i at slot t as
If t i ≥ 0, M i communicates with the AP directly, and does not use the on-grid energy in time slot t; else, M i cannot send data to the AP directly and sends offloading requests to the other n M − 1 machines. We assume that each machine knows the location of the other machines in the network. Then, M i calculates the on-grid energy consumption with the other n M −1 machines (as the offloading objects) respectively. Any objective machine expressed as M j (j ∈ (1, 2, . . . , n M − 1)). The on-grid energy consumption of the data link forwarded by M j consists of two parts: the grid energy used in the link M i → M j and the link M j → AP. The on-grid energy consumption of the two links are denoted as
respectively. And the SNR of the two links must satisfy the constraint SNR ≥ ϑ, then we obtain the constraint about the transmission power of M i :
and the transmission power of M j must satisfy the constraint (7). After calculating G t ij +G t jA (j = 1, 2, . . . , n M −1) of the n M −1 links, M i sorts the on-grid energy consumption and finds the minimal one.
, traffic offloading cannot save the on-grid energy consumption, so M i will communicate with the AP directly with the transmission power P iA . While G t ik + G t kA < G t i , the traffic of M i will be offloaded to M k then forwarded to the AP together with its own data till the end of the slot. Repeat the steps above in the next slot.
We define the direct communication coefficient of M i at time slot t as β t i = {0, 1}. If M i communicates with the AP directly at slot t β t i = 1, else β t i = 0. With constraint (17) , when M i offloads its traffic to M k the transmission power of M i will be
With constraint (7), the transmission power of M k is
The rate of the link M i → M k → AP constrained by the outlet rate, which is the rate of the link M k → AP. As the radio resources are divided into equal units, that machines who communicate with the AP directly can get the resource block in equal size. So the rate of the link can be expressed as
Where, n M n M ∈ Z , 1 ≤ n M ≤ n M is the number of machines who communicate with the AP directly, and
β t i . Then, machines can be divided into two parts: one is n M machines that communicate with the AP directly, 
M i communicates with the AP directly with transmission power P t i = P iA , β t i = 1, till the end of the time slot, t = t + 1. M i offloads its traffic to M k with the transmission power Eq. (19), β t i = 0, till the end of the time slot, t = t + 1.
14:
end if 15: end if 16: end for 17 : end for and the other is n M − n M machines who communicate with the AP indirectly by offloading. So we rewrite P2 as P3:
And how to solve P3 is given in the EATO strategy as shown in Algorithm 1.
V. THE ONLINE STRATEGY OF ADAPTIVE TRAFFIC OFFLOADING AND BANDWIDTH ALLOCATION
So far, we have solved P3. The EATO strategy can reduce machine's average on-grid energy consumption and the harvested renewable energy is efficiently utilized. After introduce the EATO strategy as the first step, in the following we focus our study on maximize the average sum-rate of the system by use the adaptive traffic offloading and bandwidth allocation algorithm jointly in M2M communications, which powered by renewable and on-grid energy together. We will show how to implement the online strategy jointing adaptive traffic offloading and bandwidth allocation (ATOBA) with low complexity.
In the M2M communication, renewable energy and grid co-exist to power machines. After using the EATO strategy, the transmission power and the best traffic route have been obtained. Based on this, we implement the bandwidth allocation algorithm to optimize the average sum-rate of the system.
With Eq. (8) and Eq. (9), the average sum-rate of the system at the t-th time slot can be written as
In which, B t i is the bandwidth allocated to M i in the t-th slot, it should satisfy the constraint:
In previous, we allocated the bandwidth to machines equally, which is
Where n M is the number of machines that communicate with the AP directly. While in the ATOBA strategy, the bandwidth will not be evenly distributed anymore, it will be allocated according to the SNR of the link at the AP. More resource will be given to the link whose SNR is large, and machines who communicates with the AP indirectly will not occupy the band resource. After the adaptive traffic offloading, jointing with Eq. (21) and Eq. (22), Eq. (23) can be expressed as
Where, n M is the number of machines that communicate with the AP directly. The bandwidth allocated to M i at slot t is B t i , and which can be given as:
Therefore, the average sum-rate maximization problem can be formulated as P4
P4 max
The ATOBA strategy is shown in Algorithm 2.
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Algorithm 2 The ATOBA strategy for Solving Problem 3 and 4 1: Input: R, B, n T , λ m , α, − → E t .
2:
Initialization: Set t = 1.
3:
Step 1: The EATO algorithm.
4:
Return:
Step 2: For every machine, calculate B t i with Eq. (28).
6:
Return: − → B t .
7:
Step 3: t = t + 1, and go to Step 1.
FIGURE 2.
The normalized solar and wind energy harvesting profiles.
VI. SIMULATION RESULTS
In this section, we will verify the theoretical results derived in Section IV and V, and evaluate the performance of the proposed ATOBA strategy by simulation. The energy model is similar to [20] , that with practical wind and solar energy profiles by using the real aggregated solar and wind generations from 0:00, Apr. 3, 2016 to 0:00, Apr. 6, 2016 in Belgium (http://www.elia.be/en/ griddata/power-generation/). Based on these real data, we obtain the normalized wind and solar energy harvesting profiles over time, as shown in Fig. 2 . Where the energy harvesting rates are sampled every 15 min, thus, the three days' renewable energy data correspond to 288 points. Let the normalized wind and solar energy harvesting profiles in Fig. 2 be denoted as W = [W 1 , . . . , W 288 ] and S = [S 1 , . . . , S 288 ], respectively. In our simulations, we assume that all machines are deployed with both solar panels and wind turbines of different generation capacities. Set the EH rate in slot t at M i as
, where Q is a given constant, c i is a random number and c i ∈ [0, 1].
We evaluate the performance of the proposed EATO stratagem in an MTC network with multiple machines with density λ m and one AP. In addition, α = 3, ϑ = 10dB, R = 200 meter and Q = 1. For simplification, B = 1 MHz, P 0 = 0 and the background noise variance in each data link is −80 dB. For comparison, we introduce the algorithm without the EATO stratagem as a performance benchmark. 3 shows the machine's on-grid energy consumption performance of the system. It is visible that, with the proposed EATO strategy, the average on-grid energy consumption is always lower than that in without it. It is also observed that, while the harvest renewable energy is different, the average on-grid energy consumption of the system is diverse either. When the harvested green energy is poor (see 50-63 hour) the average on-grid energy consumption is high relatively; instead, the average on-grid energy consumption is low. Third, when the harvested green energy in all machines are insufficient (see 50-63 hour), the average on-grid energy consumption in both algorithms are significantly increased compared with before. Even in such poor condition the average on-grid energy consumption with the proposed EATO strategy can be saved at least 80% (see 59 hour). When the harvested green energy is adequate (in the day time 16-24,41-49 hour), the average on-grid energy consumption with EATO strategy almost equals to zero. That is mainly because: more data traffic is taken by machines that harvested sufficient renewable energy according to the proposed EATO strategy. So it brings down the average on-grid energy consumption significantly.
In Fig. 4 , we show the average sum-rate in the M2M communications with or without the EATO strategy. It is observed that, firstly, the average sum-rate of the proposed EATO strategy performs better than without it overall. Secondly, when the harvested renewable energy is inadequate, the average sum-rate of the system bring down in both algorithms, and the decrease of the renewable energy brings a sharper diminish in the average sum-rate with EATO strategy than without the scheme. The improvement of the performance mainly because with the proposed EATO strategy, data traffic can be offloaded adaptively and dynamically according to the changes of the harvested renewable energy.
Next, we evaluate the performance of the proposed ATOBA strategy and the scheme without it in a practical system. In our simulation, all machines are deployed in different position with different renewable energy generation capacities. So even we assume that the arrival power of wind and solar energy is uniform at the t-th slot, the harvested renewable energy is diverse in different machine.
In Fig. 5 (a) and (b), we show the network's average on-grid energy consumption performance. It is observed that with the ATOBA strategy the average on-grid energy consumption is lower than without it. With the density of machines λ m increasing (changes from 10 −4 to 10 −3 ), the on-grid energy consumption of without ATOBA is almost a straight line and the gap between with the ATOBA strategy and without it becomes wilder. Which indicates that the on-grid energy consumption is significantly reduced. The improvement of the performance mainly because with the ATOBA strategy the traffic can be re-allocated according to the harvested renewable energy and reduce the on-grid energy consumption.
In Fig. 5 (a) , we assume at the t-th time slot the arrival power of wind and solar energy are equal to 0.1 watt, which is W t = 0.1, S t = 0.1. When we decrease the threshold of the SNR to be one half as before ϑ = 5dB, the average on-grid energy consumption of with and without ATOBA both diminished more than one half and the diminish of with ATOBA is almost two times as that in without it. Next, we double the white noise variance σ 2 from −80 dB to −77dB, the average on-grid energy consumption of with and without ATOBA both increased by more than 2 times, and the increased ratio with ATOBA (137.5%) is stronger than that without the strategy (116.7%). In Fig. 5 (b) , we increase the arrival power of wind and solar energy to be 5 times as before, of course the on-grid energy consumption will be reduced, and the decrease with ATOBA (68.8%) is bigger than that without the strategy (58.5%). Above all, the ATOBA strategy is more responsive to the changes of the network. That is mainly because, with the proposed ATOBA strategy the traffic has been offloaded dynamically according to the harvested green energy, any system parameter changes the traffic route will be changed adaptively. Finally, In Fig. 6 , we show the average sum-rate performance versus the density of machines at time slot t. It is VOLUME 5, 2017 observed that, firstly, with λ m increasing (changes from 10 −3 to 10 −2 ), the average sum-rate decreases in both algorithms. This is mainly because: while the bandwidth fixing, the number of machines increasing. Secondly, with the density of machines increasing, the average sum-rate performance in the ATOBA strategy outperforms that in without the scheme, no matter what the density of machines is. Third, when we increase the arrival power of wind and solar energy to be 5 times as before (from W t = 0.1 watt, S t = 0.1 watt to W t = 0.5 watt, S t = 0.5 watt), the average sum-rates in both schemes have a little enlargement, and 21% improvement at most. But if we increase the bandwidth resource from 1M Hz to 2M Hz, the average sum-rates in both schemes have been doubled. It means, the increase of the harvest renewable energy cannot bring a significant increase in the average sumrate. That is mainly because: when W t and S t are big enough, energy is no longer the most important factor, the bandwidth provided by the AP becomes a bottleneck of the average sum-rate improvement. So the increase in the bandwidth of the AP brings a significant increase in the average sum-rate.
VII. CONCLUSIONS
In this paper, we proposed a new online strategy combining adaptive traffic offloading and bandwidth allocation for designing green M2M communications with hybrid energy supplies. By introducing the energy-aware and adaptive traffic offloading strategy, the redistribution of traffic can be implemented easily. Thus, less power is drawn from the grid. With the proposed online strategy of adaptive traffic offloading and bandwidth allocation, we formulate the network rate maximization problem in an uplink system. We develop an efficient solution to optimize the bandwidth allocation with low complexity. Furthermore, we show the average rate gains and on-grid consumption reduction by exploiting the ATOBA strategy in MTC networks. We validate our works by simulations and show that the proposed ATOBA strategy can achieve 55% reduction of on-grid energy consumption and double the average sum-rate. It is revealed that, under a practical energy transfer efficiency value, traffic offloading is beneficial when the harvested renewable energy among machines is distributed unevenly, and the proposed online strategy of adaptive traffic offloading and bandwidth allocation can improve the performance of M2M communications with hybrid energy supplies. As future work, we will consider applying the wireless energy transfer technique and address power allocation to achieve a more energy-efficient MTC. 
